Pulmonary hypertension (PH) is a complex pulmonary vascular condition with increasing global prevalence and with particularly severe forms, such as pulmonary arterial hypertension (PAH), that are often fatal. In PAH, remodeling in diseased pulmonary arteries places an increasing hemodynamic burden on the right ventricle, leading to right ventricular failure, multiorgan dysfunction, and death. Current PH medications primarily target three major vasodilatory pathways (nitric oxide, endothelin, and prostacyclin signaling) but do not target the elusive upstream molecular origins of PH. Thus, they neither prevent nor reverse disease. Hence, there is a great need to identify the upstream molecular triggers of disease and apply those discoveries to clinical benefit.
However, the pathogenesis of PH is complex and multifactorial. It involves both multiple vascular and nonvascular cell types and depends on several pathogenic events (i.e., genetic susceptibility, hypoxia, inflammation, viral infection, DNA damage, and shear stress, among others) for disease manifestation and progression (1, 2) . An inability to fully unravel these molecular complexities has led to multiple clinical challenges in developing both new diagnostics and therapeutics for this disease.
Discoveries have identified the dysregulation of microRNAs (miRNAs) as integral events that shape the development and progression of PH (3) . miRNAs are small noncoding RNA molecules that negatively regulate gene expression and perform pervasive regulatory functions in all aspects of biology, both in the animal and plant kingdoms (4) . A number of key reports have implicated miRNAs in a wide range of pulmonary vascular processes, spanning pulmonary vascular development, physiology, and disease and leading to speculation on their usefulness in clinical diagnosis and prognosis. Yet, we still are at the inception of this growing field of study, and a number of challenges remain in applying this biology to clinical practice. In this review, we discuss both the fundamental biology of miRNAs in PH and the translational potential and obstacles in their development as novel biomarkers and direct therapeutics.
Fundamental Pathobiology of MicroRNAs in PH Canonical Functions of miRNAs and In Vivo Detection Strategies
At present, more than 5,500 distinct miRNA species have been predicted to be encoded by the human genome (5), some of which are conserved throughout mammalian evolution and others encoded only in primates and humans. On transcription from their genomic sites, primary and premature miRNA forms are processed in the nucleus and cytoplasm to mature forms (6) . These mature, active species are double-stranded RNA molecules 19-24 nt in length. Each active miRNA encodes a 6-nt "seed sequence" (positions 2-7 at the 59 end of the active strand), which is a crucial determinant for target sequence binding on the complementary mRNA transcript-typically positioned in the 39 untranslated region (39 UTR) of an mRNA molecule. This miRNA-mRNA interaction results in the down-regulation of target gene expression, via either translational repression or transcript degradation ( Figure 1) . Because of the importance of conserved Watson-Crick binding for such complementary RNA binding, several freely available computational algorithms have been developed (i.e., TargetScan 5 [Conserved] [7] and DIANA [8] among many others) to predict the mRNA targets of given miRNAs. Although they suffer from a variable level of false-positive prediction, these algorithms continue to be used extensively to accelerate the discovery of the biological roles of miRNAs based on their predicted target pool.
Unlike the detection of proteins by antibody-based strategies, the quantitation of miRNAs in vascular tissue or bloodstream relies on the ability to extract and detect or amplify RNA sequences (Figure 1 ). Historically, in research applications, detection of any RNA molecules, including miRNAs, relied on a more cumbersome method of gel electrophoresis and oligonucleotide probe hybridization (Northern blot). Such electrophoretic methods are still used in research settings, but are not feasible in clinical contexts. Methods of quantitative amplification of single and specific miRNA molecules, such as reverse transcriptionquantitative polymerase chain reaction (RT-qPCR) or droplet digital PCR (ddPCR), have been used as extremely sensitive and specific methods to quantify accurately as little as one miRNA molecule in samples of human tissue and body fluids. Beyond single miRNA quantification, the era of comprehensive -omics profiling has resulted in the rapid development of technology to assess thousands of miRNAs simultaneously from these samples. Originally, arrayed technology was developed via positioning hundreds of labeled oligonucleotide probes on a chip and hybridizing to miRNA sequences that would allow for quantification of miRNA levels. Arrayed and robotic technology has also been developed to perform single RT-qPCRs relevant to thousands of miRNAs; such a platform has been used effectively to quantify the landscape of miRNAs in the bloodstream of thousands of subjects in the Framingham Heart Study (9) . More recently, so-called next-generation RNA sequencing and single-cell RNA sequencing are quickly gaining favor for the comprehensive and accurate assessment of miRNA levels, with applications in a variety of precision medicine initiatives to attain molecular profiles of human health and disease.
MicroRNAs in PH
In PH, accumulating evidence indicates that dysregulation of miRNAs is intimately linked to the hyperproliferative and apoptosis-resistant pathophenotypes of pulmonary vascular cells including pulmonary arterial endothelial cells (PAECs), pulmonary arterial smooth muscle cells (PASMCs), and pulmonary arterial adventitial fibroblasts (PAAFs) (Figure 2A ). Because providing an exhaustive list of such molecules is beyond the scope of this Perspective, we instead focus on key miRNAs with well-established, and often complementary and convergent, mechanistic roles in PH pathogenesis (Figures 2A-2C ).
Metabolism and Proliferation
There exists an increasing appreciation that cancer and diseased vascular cells in PH present numerous molecular similarities (10) . In many regards, PH disease progression mirrors tumorigenesis in relying on a metabolic switch from mitochondrial oxidative phosphorylation to cytoplasmic glycolysis (known as the Warburg effect) (2) to provide a survival advantage to highly proliferating cells (11) . The hypoxia-dependent miR-210 is one of several miRNAs implicated in this metabolic rewiring (12) (13) (14) . Among its pleiotropic actions, miR-210 was found to repress directly the iron-sulfur cluster assembly proteins (ISCU1/2) essential for mitochondrial respiration, leading to Fe-S deficiencies and PH development. Accordingly, forced expression of miR-210 was sufficient to induce pulmonary vascular dysfunction in mice, whereas molecular or genetic inhibition of miR-210 prevented and reversed chronic hypoxic PH (14) .
Highlighting additional similarities to tumor progression, miR-204 has been found to act as a tumor suppressor with a pivotal role in PAH (15) . Reduced expression of miR-204 in PAH-PASMCs secondary to STAT3 (signal transducer and activator of transcription 3) activation was observed to enhance STAT3 (creating a positive feedback loop) and BRD4 (bromodomain containing 4) expression, leading to the overactivation of NFAT (nuclear factor of activated T cells), HIF-1a (hypoxia inducible factor-1a) (16) , and RUNX2 (runt-related transcription factor 2) (17), all of which contribute to metabolic dysfunction, exaggerated proliferation, and often calcification. The critical implication of miR-204 dysregulation in PH was further supported by experiments in two animal models of PAH, in which restoration of miR-204 expression reversed remodeling and improved hemodynamics (15, 16) . Two additional miRNAs expressed by PAECs, miR-424 and miR-503, were found to be down-regulated in human PAH (18) . Such down-regulation was accompanied by an increase in fibroblast growth factor 2 (FGF2) and fibroblast growth factor receptor 1 (FGFR1) expression and hyperproliferation of PAECs and PASMCs, indicating that PAEC-specific alterations in miRNAs compromise the PASMC phenotype through miRNA-dependent paracrine signaling. Similarly, the miR-130/301 family was found to be increased in PAH (19) , thus repressing a cohort of target genes and subordinate miRNAs, thus affecting PASMC proliferation (19) and vasoconstriction (20) . PAH-PASMCs and PAH models are also characterized by a down-regulation of miR-193. Although its role remains to be clarified, it has been demonstrated that apolipoprotein A-I-mimetic peptides can successfully rescue experimental PAH by inducing the expression of miR-193, most likely via the suppression of the peroxisome proliferatoractivated receptor g (PPARg)-retinoid X receptor a (RXRa) signaling pathway, which in turn inhibits PASMC proliferation by diminishing insulin growth factor (IGF)-1 receptor expression (21) .
Inherently related to the hyperproliferative vascular state of PAH is the central role of bone morphogenetic protein receptor 2 (BMPR2), a gene in which naturally occurring mutations accounts for 70% of all hereditary cases of PH (22, 23) . Indeed, there exists a predominance of functional connections of miRNAs to BMP signaling in PH. For instance, the polycistronic miR-17-92 cluster was found to be down-regulated in vascular cells from patients with PAH. Overexpression of this miRNA cluster resulted in direct transcript binding of miR-17-5p and miR-20a (24) and consequent expression of BMPR2. Correspondingly, in vivo inhibition of several members of the cluster, using oligonucleotide inhibitors (i.e., antagomiRs) or targeted genetic deletion of the entire cluster, was shown to improve experimental PH (25) (26) (27) . These beneficial effects were attributed at least in part to the restoration of BMPR2 expression and the up-regulation of the cyclin-dependent kinase inhibitor p21 (25, 27) . In addition to being the target of miRNAs, BMPR2 signaling also represses expression of another critical miRNA, miR-145. Elevated miR-145 expression was observed in primary PASMCs cultured from patients with PAH with loss-of-function BMPR2 mutations as well as in the lungs of BMPR2-deficient mice. Importantly, mice with genetic deletions of miR-145 exhibited protection against PH (28) . Conversely, miR-140 has been implicated in the regulation of Smad ubiquitination regulatory factor 1 (SMURF1), an E3-ubiquitin protein ligase 1, that in turn modulates BMPR2 signaling and PAH in vivo (29) . Numerous additional miRNAs implicated in PAH have been reported to respond to BMPR2 signaling, such as miR-130/301 (19) , and to regulate BMPR2 directly, such as miR-21 (30) .
Beyond PAEC and PASMC biology, the cellular pathophenotypes of PAAFs, including proliferation, migration, and differentiation, promote vascular remodeling and are influenced by miRNA activity. In vitro gain-and loss-of-function experiments revealed that decreased miR-124 in PAAFs from patients with PAH led to increased proliferation and migration through modulating the polypyrimidine tract-binding protein 1 (PTPB1) and subsequent inhibition of the cell cycle (28) . Separately, the miR-130/301 family has been found to modulate extracellular matrix stiffening in PAAFs (31) via interfacing with the transcriptional coactivators YAP (Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif). The connection between YAP/TAZ and this miRNA family has led to additional understanding of the broader links among pulmonary vascular stiffness, glutamine metabolism, and proliferation (32, 33) .
DNA Damage
DNA damage predates the onset of clinical PAH and is likely an intrinsic property in cells of individuals at risk for this disease (34) . DNA damage is increased in circulating peripheral blood mononuclear cells, PAECs, and PASMCs (35, 36) . DNA damage was reported to down-regulate miR-223 in PAH-PASMCs (37) . This down-regulation induced poly(ADPribose) polymerase (PARP)-1, which mediates the DNA damage response and contributes to DNA repair. Activation of PARP-1 increased cell survival and proliferation through a mechanism that involves miR-204 down-regulation (38) .
Vasoconstriction
The miR-130/301 family has been shown to control vasoconstriction in PH by stimulating production of the vasoconstrictor endothelin-1 in PAECs (20 PAH. A sex-specific decrease in miR-96 was found to increase expression of the 5-hydroxytryptamine 1B receptor (42) , thus predisposing to alteration of serotonin signaling and proliferative signals in the diseased pulmonary vasculature. Separately, a sex-specific interaction of miR-29 was described with estrogen metabolism (43) , suggesting a molecular mechanism correlating female hormone signaling with the predisposition of PAH in women in the general population.
Angiogenesis and MicroRNAs in PH and Extrapulmonary Sites
Impaired angiogenesis and subsequent rarefaction of microvessels is a common feature of pulmonary, right ventricular, and skeletal muscle abnormalities seen in patients with PAH (44) . Studies revealed that down-regulation of the myocyte enhancer factor 2 (MEF2C)-miR-208 axis (45) and miR-126 (46) drives the transition from a compensated hypertrophic right ventricle (RV) to a decompensated RV by affecting contractility and angiogenesis, respectively ( Figure 2B ). Consistently, microcirculation loss and impaired angiogenesis secondary to miR-126 down-regulation was also reported to contribute to exercise intolerance in patients with PAH ( Figure 2C ) (47) . Additional insights regarding the roles of miRNAs in the extrapulmonary manifestations of PH await further study, particularly in the setting of a growing number of miRNAs found to be dysregulated in RV dysfunction but with actions that have yet to be fully clarified (48 interactions (49) . Initial attempts to model computationally and interrogate miRNA regulatory networks in the pulmonary vasculature have yielded positive results. Chan and colleagues designed an in silico approach to rank miRNAs with systems-wide effects on known downstream PH-relevant genes and their first degree interactors, based on several independent gene network architectural parameters (19, 30) . Not only was the miR-130/301 family identified as the top-ranked miRNA family, but also such network analyses outlined a model of downstream actions of these miRNAs to include two known proliferative pathways, a pathway influencing vasoconstriction, and a novel signaling mechanism controlling extracellular matrix deposition and remodeling. These findings were verified in vivo and in vitro (15, 19, 20, 24, 31) , thus demonstrating the power of combining computational bioinformatics with experimental biology and affording distinct advantages as compared with traditional scientific approaches. Network gene analyses may be applied to the current challenges of understanding the collective actions of PH-specific miRNAs on overall disease manifestation rather than merely focusing on single actions of an miRNA in isolation. For example, we considered a list of 25 PH-relevant miRNAs (Table 1 ) and attempted to identify functional pathways that may be targeted coordinately by multiple miRNAs. We compiled a list of more than 5,500 target genes of these miRNAs from miRTarBase (50), a database cataloging validated miRNA-gene interactions, and TargetScan (51), a database predicting mRNA binding sites for miRNAs ( Figure 3A) . Gene set enrichment analysis (GSEA) is a popular statistical tool often used to identify previously annotated pathways that have a significant representation in a given gene set (52) . Here, we enriched target genes via GSEA with four databases of pathway annotations: Reactome (53), KEGG (54), BioCarta (55) , and Gene Ontology (56, 57) . After correcting for the false discovery rate, we found more than 800 significant annotations. We repeated the enrichment by analyzing only genes targeted by multiple PH-relevant miRNAs. However, even when examining genes targeted by 4 or more miRNAs (651 genes), pathways enriched among these target genes still numbered more than 220-a number outweighing our ability to discern obvious shared actions of these miRNAs and outstripping our ability to validate experimentally these predictions. Thus, a "brute force" analysis of these data demonstrates the immense pleiotropy of miRNAs but alone fails to filter these results in a meaningful way for the purpose of uncovering the interconnected but hidden actions of these molecules.
To identify more clearly the convergent functions of these miRNAs, we designed an additional in silico algorithm to leverage the interconnected network architecture of those genes targeted by 4 or more PH-specific miRNAs and known to be directly relevant to PH (85 genes). We overlaid the list of 85 genes onto an updated and extended PH network, constructed similarly to a previous description (19) and comprising 747 interconnected genes that represent known downstream PH-relevant genes and their first-degree interactors. In doing so, we created a subgraph of 190 genes including all 85 of the original target genes and several additional genes to create a single connected component ( Figure 3B ). We then used "MAP" (58), a well-established clustering method, to partition the 190 genes into 22 separate clusters based on the density distribution of interactions (Table 2) . Theoretically, these clusters represent interconnected pathways that are particularly integrated in the actions of multiple PH-relevant miRNA, and several testable hypotheses emerged after GSEA enrichment. For example, cluster 14 included a number of known PH genes targeted by multiple PH-relevant miRNAs and were enriched as a group for their involvement in apoptosis and cell death (Table 3) . Included in that cluster was the X-linked inhibitor of apoptosis protein (XIAP), a gene that has never been studied in the context of PH yet one with statistically significant connections among other cluster 14 genes and one that is targeted by more than 4 PH-relevant miRNAs. Separately, cluster 8 contained 10 genes, 9 of which were well-known mediators of transforming growth factor/bone morphogenetic protein (TGF/BMP) signaling. The only additional gene was nuclear receptor coactivator 3 (NCOA3), a gene that also has not been studied in the context of PH or BMP signaling, but one that clearly has connections among other cluster 8 genes and one that is also targeted by more than four PH-relevant miRNAs. Finally, cluster 11 (Table 4) carried mostly first-degree interactors of known PH genes, some of which (NUS1, RFXAP) are targeted by multiple PH miRNAs but have never been studied directly in PH. GSEA enrichment revealed a predominant representation of antigen presentation and intracellular protein transport, pathways that have been implicated in PH but vastly understudied (59, 60) .
Although such computational analyses are useful, our techniques are still developing in assessing miRNA-target gene network architecture and kinetics in relation to PH or any other disease ( Figure 3C ). Endeavors have commenced in discerning specific molecular pathways important in PH via wide-scale genomic analysis (61, 62) . Studies could be expanded to concentrate on the importance of genetic associations relevant to miRNA biogenesis genes, miRNA genes themselves, and target sequences recognized by those miRNAs. At Figure 3 . Application of network theory to gain insight into microRNA (miRNA) activity in pulmonary arterial hypertension (PAH). (A) Gene set enrichment analysis (GSEA) demonstrates the vast pleiotropy of miRNA activity. The number of significant pathway annotations was gathered after GSEA enrichment on genes targeted by at least 1, 2, or 4 pulmonary hypertension (PH)-relevant miRNAs (among a group of 25 total miRNAs). A large number of statistically the same time, the vast information emerging regarding mammalian metabolic networks and metabolomics could lead to profound systems-based discoveries regarding miRNA-based control of the pervasive metabolic reprogramming central to PH pathogenesis (63) (64) (65) (66) . New technologies to extract diseased lung tissue from living patients with PH (67) should also greatly aid our construction of highthroughput miRNA-target gene data sets in this disease. Together, these opportunities could serve as a key transition to an era of personalized miRNA medicine-one that is highly anticipated but not yet realized.
Development of Novel miRNA-based Diagnostic Platforms in PH: An Advent in Biomarker Discovery?
Concomitant with our advancing insights into the gene regulatory biology of intracellular miRNAs, the dynamic alterations of cell-free miRNAs circulating in plasma and the extracellular space have been reported in PH. In general, such released miRNAs may be associated with the Argonaute 2 (AGO2) protein in microvesicles (68) , as free RNA-protein complexes (69), or both (70) . The functions of circulating miRNAs as endocrine or paracrine messengers to allow for intercellular communication in PH are being described (70, 71) . Correspondingly, their usefulness as prognostic and diagnostic biomarkers in PH has been increasingly investigated. For example, circulating levels of miR-150 (72), miR-26a (73), miR-23a (74), and miR-125a (75) have been reported as reduced in patients with PAH. Dysregulation of entire sets of circulating miRNAs in PAH has also been described (74, 76) . Other miRNAs with known causative actions in PAH, such as the miR-130/301 family (20) and miR-210 (14) , have been found to be elevated in the pulmonary circulation of patients with PH. Moreover, differential expression of plasma miRNAs was also reported in acute pulmonary embolism (77) and chronic thromboembolic PH (78) . Direct evidence has been presented regarding the transport and signaling of miR-143 among PAECs and PASMCs in PAH (71) .
Challenges exist in developing these plasma miRNAs further as clinical biomarkers in PH. As most of these miRNAs are expressed throughout multiple tissues, the definitive source of these plasma miRNAs is typically unknown. Furthermore, because the relative importance of the type of molecular packaging of circulating miRNAs (within vs. outside of microvesicles) has yet to be defined, it has been challenging to determine a definitive diagnostic strategy in PH of quantifying total or subpopulations of Figure 3 . (Continued). significant annotations was observed in all cases, indicating the need for additional statistical filtering techniques to discern the convergent functions of miRNAs. (B) Network architecture analysis improves the resolution of testable hypotheses regarding convergent miRNA function. From genes targeted by four or more PH-relevant miRNAs and overlaid on an extended network of PH genes and their first-degree interactors, a single connected component of 190 genes was partitioned into clusters based on its topology, using the "MAP" algorithm (58) . Each node represents a gene, and each gray line denotes an interaction between genes. Rings of same-colored nodes represent clusters. Triangular nodes are those genes targeted by four or more PH-relevant miRNAs, and circular nodes are first-degree interactors necessary to make a single connected component. Nodes outlined in thick black lines are genes already known to play a role in PH, curated from the scientific literature. Of the 22 clusters, we found 3 to be of particular interest (highlighted in blue). Clusters 8, 11, and 14 are involved in transforming growth factor/bone morphogenetic protein (TGF/BMP) signaling, antigen presentation and protein transport, and apoptosis and cell death, respectively. (C) Leveraging computational gene network analysis for discovery of fundamental miRNA biology in PH and application to personalized medicine initiatives in PH. CTEPH = chronic thromboembolic pulmonary hypertension. Figure 1 ). Although enthusiasm remains high to develop these plasma miRNAs as biomarkers, obstacles influencing accuracy, cost, and speed of detection will certainly influence the future implementation of these methodologies in clinical practice.
Therapeutic Potential of miRNA in Pulmonary Vascular Disease
Whereas our knowledge of miRNA biology in pulmonary vascular disease continues to expand, strategies to therapeutically deliver either miRNA mimics or inhibitors to the lungs remain in their infancy. Many of the strategies used in preclinical studies primarily focus on pulmonary vascular specific outcome variables, such as improvements in right ventricular systolic pressure and the Fulton index [RV/(left ventricle [LV] 1 septum) weight ratio], but most fall short of addressing key elements that will be critical for this therapeutic strategy to move forward to clinical trials. This section details the advancements and challenges in miRNA delivery to the pulmonary vasculature, as we continue our efforts to refine translation of miRNA-based therapies for PAH ( Figure 4 ). Oligonucleotide therapies, including miRNA and short interfering RNA (siRNA), have entered the clinical stage for a number of diseases beyond PAH. These include mipomersen, an siRNA targeting apolipoprotein B and approved by the U.S. Food and Drug Administration for the treatment of homozygous familial hypercholesterolemia (80) , as well as a number of other siRNAs and miRNAs for conditions including amyloidosis (81), hepatitis C (82), hemophilia, tissue fibrosis, and hematological malignancies, which are at various stages of clinical trials. Although no miRNA candidate has reached the stage of clinical trial in PAH, Table 5 summarizes the strategies used thus far to achieve oligonucleotide delivery to the lungs. Multiple routes of delivery have been used in rodents, including intravenous, inhalational, subcutaneous, and intraperitoneal. The modalities of delivery of miRNA mimic or inhibitor candidates have included (1) delivery of naked oligonucleotide, (2) delivery via viral vectors, and (3) delivery via packaging with vasculature-targeting nanoparticles. What is remarkable is that each of these delivery routes has demonstrated efficacy in (1) reaching the lungs, as determined by changes in the miRNA and respective target expression levels, and (2) altering the severity of PH.
Although the signaling axes implicated in miRNA biology have been robustly validated in many cases, replication of the direct therapeutic efficacy of miRNA mimetics or inhibitors in vivo has often been varied or has been attempted only by the discovering laboratory alone. For Route of administration may also provide potential selective advantages, but also a number of potential disadvantages. Intravenous delivery may provide the most direct route to reach the pulmonary vasculature; however, it is limited by the challenges of gaining venous access for each administration, achieving preferential targeting of the pulmonary vasculature (over other vascular beds), and having to cross the endothelial layer for miRNAs that may be the most active in other cells involved in PH, such as PASMCs and PAAFs. Inhalational delivery provides the potential advantage of limiting systemic effects while enhancing lung-specific effects; however, such a strategy would have to ensure that the delivered oligonucleotide can cross the lung epithelium in ultimately reaching the relevant pulmonary vascular cells. Moreover, any potential inflammatory reaction in the airway, due to the delivery complex, would need to be addressed. Other routes of administration, such as subcutaneous and intraperitoneal delivery, provide for ease of administration, but the relative efficacy of the delivered oligonucleotide in actually reaching the pulmonary vasculature remains to be fully validated.
Although most of these delivery techniques demonstrate efficacy in ameliorating the severity of PH in the experimental models, a number of key limitations remain inadequately addressed. One of the major obstacles remains characterization of the potential off-target effects. Although most of the published studies have confirmed delivery to the lungs, by quantitative PCR for either the miRNA itself or the proposed targets, only a limited number of these studies have evaluated the off-target effects, including effects on the liver, which is widely known to take up oligonucleotides from the circulation (85) . Moreover, because current studies are based on short-term therapeutic interventions (less than 1 mo), long-term toxicities and putative rebound effects remain to be established. The stability of the oligonucleotide-based therapies also remains to be optimized, especially for therapies using nonviral delivery strategies. Dosage and frequency of delivery have also not been fully optimized, and converting effective doses in rodents to humans remains a major hurdle. Last, the financial costs of translating such findings to humans represent a key challenge, especially for a disease such as PAH, for which life-long therapies are warranted.
Fortunately, published studies and endeavors of industry partners have begun to address some of these key limitations, as we pursue advancement of miRNA modifiers to the clinical stage. Preferential targeting of the pulmonary endothelium rather than the systemic endothelium has been demonstrated and promoted using different nanoparticle-based oligonucleotide delivery partners (86) . Multiple strategies for proprietary modifications of the nucleotide backbone provide resistance to degradation in vivo, and provide the means to improve stability and efficacy. Such stabilization strategies also provide for the ability to extend the time between doses and deliver lower concentrations of oligonucleotide-based therapies. Moreover, development of small-molecule inhibitors of specific miRNAs has shown reasonable promise and could provide an alternative and possibly less expensive strategy for targeting specific miRNAs (87, 88) . Therefore, although miRNA-based therapy for PH has yet to reach the clinical realm, advancements in our knowledge of the role and function of these oligonucleotide-based therapies provide the key foundation of knowledge that deserves further exploration.
Conclusions
In summary, scientific endeavors have been accelerating, identifying the fundamental and robust actions of miRNAs in controlling PH initiation and development. Attendant with those discoveries, the potential has been growing for clinical application in the development of new RNA-based biomarkers of disease and in the advent of a new generation of medications based on RNA-specific Figure 4 . Schematic of strategies to optimize delivery of oligonucleotide therapies to the pulmonary vasculature in humans. Potential delivery routes include intravenous, subcutaneous, and via the airway. The most effective therapeutic strategies will preferentially target the pulmonary vasculature while minimizing targeting of other organs. miRNA = microRNA.
biology (82) . Yet, in spite of these promising results, challenges still remain regarding the decipherment of the expansive complexity of miRNA-target gene networks in PH, demonstrating the feasibility and usefulness of quantifying plasma miRNAs for diagnosis or prognosis, and proving the efficacy and specificity of miRNA-based therapies in the pulmonary vasculature. Given the extent of these obstacles, key collaborative efforts among federal, academic, and industry partners will be necessary to advance these technologies in the years ahead. n
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